LiFePO4 particles doped with zinc oxide was synthesized via a hydrothermal route and used as cathode material for lithium-ion battery. Sample of preferable shape and structure was obtained by a concise and efficient process. ZnO doping into the LiFePO4 matrix was positively confirmed by the results of X-ray diffraction (XRD); high-resolution transmission electron microscopy (HRTEM); energy dispersive spectrometer (EDS), and X-ray photoelectron spectroscopy (XPS). LiFePO4 doped with ZnO tends to form nanometer-size and homogeneous particles, which can improve markedly the performance and stability of charge-discharge cycle. A specific discharge capacity of ZnO-doped LiFePO4 at 132.3 mAh g-1 was achieved, with 1.8% decrease after 100 cycles. Based on the cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) results, it has further shown that ZnO doping effectively reduces the impacts of polarization and transfer resistance during electrochemical processes. 
Introduction
The lithium ion battery assembled with phosphor-olivine LiFePO 4 (LFP) based cathode material possess long cycle life and high service voltage, and have been recognized as one of the most attractive power supplies for electric vehicle and hybrid electric vehicle [1, 2] . It is well known that the ionic diffusion and electron conductivities can be remarkably improved by doping appropriate functional material to LFP, and the ameliorated microstructure is achieved which shortens the transmission distance of lithium ions and prevents the collapse of the crystal lattice [3] [4] [5] [6] [7] . And to prepare LiFePO 4 at a low cost and efficiently, the hydrothermal synthesis is well studied by many researchers [8] [9] [10] [11] [12] [13] [14] [15] [16] . Their results demonstrate that the particle size and conductivity of LFP can be controlled by appropriate additive, such as CTAB, ascorbic acid and carbon nanotube under hydrothermal conditions and the appropriate temperature is necessary. H.K.
Liu et al. mixed LFP with commercial ZnO powders through solid route and considered that the doped zinc ions protect the LFP crystal from shrinking [17] . This kind of "pillar" effect provides more space for the movement of lithium ions. Consequently, its conductivity is enhanced and the lithium-ion diffusion coefficient is boosted after doping. These favorable changes are beneficial for the electrochemical performance of LFP, including the discharge capacity and rate capability. This paper presents our recent study about ZnO doped LFP fabricated through a convenient hydrothermal route which is used as cathode material of lithium ion battery. The doping effect of ZnO on the microstructure and the electrochemical properties of LFP were also involved.
Experimental

Sample preparation
In this study, starting materials are LiOH, Zn(Ac) 2 and c-axes. The increment of total lattice volume is about 1.14%. It infers that some Zn (Ⅱ) ions might be doped into LiFePO 4 crystal lattice successfully. And with the pillar effect [17] , this structural enlargement would be beneficial to lithium-ion diffusion.
As researched by J.J. Chen's group [12] , it is indicated that around 0.14 zinc was substituted for iron, giving LiFe 0.86 Zn 0.14 PO 4 when 20% zinc was in the reaction medium. A Rietveld analysis also indicated zinc on the iron site and not on the lithium site. Their study showed that the lattice volume became smaller with the formation of LiZnPO 4 phase, which is opposite to our study result. It inferred that in our study, the zinc ions possibly do not exist in the form of LiZnPO 4 due to the different doping process and different zinc source.
The SEM images of ZnO-doped and un-doped LFP are presented in Fig.2 . In Fig.2 (a) it shows that ZnO-doped sample formed fine and homogeneous particles with the size of 300-400 nanometers. In Fig.2 (b) the size of pure LFP with slice shape were shown to be much larger than that of doped one, with sub micrometer grade. It infers that ZnO doping in the LFP lattice may promote the nucleation process and decrease the particle size markedly during the reactions.
Similar phenomenon was observed by X.Y. Kang et al. [18] . They thought that the reason for ZnO-doped LFP/C samples with smaller particles was that Zn ions in the solid solution inhibit particles to conglomerate and form secondary particles even after calcinations. R.S. Guo and his colleagues [19] used sol-gel and freeze-drying methods to obtain LFP precursor xerogel. Then the precursor was calcined in a reductive atmosphere and ground with a mortar and pestle. They also indicate that ZnO/C-LFP has a relative lower particle size. The size decrease of LFP particles owing to ZnO doping leads to the efficient depth of charge and enhances the overall battery performance.
TEM images of samples were illustrated in Fig. 3 (a) and (b). It can be seen that the size of doped sample is about 300nm in width and 400nm in length, while the size of un-doped sample is about 700 nm in width and 1.1 µm in length. The composition of ZnO-doped LFP was identified by EDS as shown in Fig.3(c) . Zn is clearly observed in the doped sample and no impurity was detected except Cu, which was introduced from the copper grid for TEM study. Table 1 . The b/c ratio of un-doped LFP crystal, which equals to the c*/b* ratio by the reciprocity relation, is also indicated in Table 1 percentage of zinc element in our doped LFP sample is 2.01 wt%, which was mentioned in the experimental section, it's easy to calculate that the nominal atomic percentage of zinc element is 0.71%. The calculated result is a little higher than the XPS result possibly due to the loss of sample during the suction filtration process. Table 2 shows the specific results of XPS quantitative analysis obtained by peak fitting. It is learned from the table that the amount of Zn ions indicated by peak 1 and peak 3 is about 22.3% and 20.1% of the total zinc amount, respectively. And the amount of Zn ions indicated by peak 2 which exist in the form of ZnO is about 57.5% of the total.
So it can be confirmed that Zn ions are doped into the crystal lattice of LFP successfully.
Performances of ZnO-doped LiFePO 4 cathodes
Fig .6 shows the charge-discharge profiles of ZnO-doped and undoped LFP between 4.3 and 2.5 V at a current rate of 0.1 C (1C=170 mAh/g) for the cycle of 1 st (Fig. 6a) , 50 th (Fig. 6b ) and 100 th (Fig.   6c ), respectively. It is clearly confirmed that the capacity of the cell without ZnO faded more quickly than that of the cell containing ZnO. The voltage profiles of ZnO-doped sample exhibit flatter charge-discharge plateaus than those of the un-doped LFP. And the differences between the charge-discharge voltages do not change with the increase of the cycle number. While that of un-doped LFP performance changes markedly, which means the polarization for un-doped sample become increasingly obvious. In addition, it can be seen that the irreversible capacity of ZnO-doped sample has only a little loss and the charge-discharge curves are almost the same from 50 th to 100 th cycles, which indicates that the kinetics of the LFP is indeed improved due to the enhanced electronic conductivity, which is resulted from ZnO-doping. And the sample performs much more stable during the charge-discharge processes.
The cycle performances for ZnO-doped and undoped LFP at 0.1C-rate are shown in Fig.7 . From the figure, the initial discharge capacity of ZnO free LFP is 127.2mAh·g -1 , and it is only 66.9mAh·g -1 after 100 cycles. The decay is more than 47.4% comparing to the initial cycle. While
ZnO-doped LFP has the capacity of 132.3mAh·g -1 for the first discharge, and maintains at 129.9 mAh·g -1 after 100 cycles, which is 98.2% of the initial capacity. The capacity-keeping performance of the doped sample is more stable than that of un-doped one. And similar results
were reported in Liu et al.'s paper [17] . % of the initial capacity, respectively) at the different discharged C-rate of 0.1 C, 0.5 C, 1 C and 10 C, respectively. The much higher capacity of the doped sample comparing to the un-doped sample indicates that the ZnO-doped sample performed much better in high rate discharge. This improvement of performance is beneficial to the lithium ion battery applications as power cell.
The performance improvement of ZnO-doped sample may be explained by the special morphology change, such as finer and more homogenous particles, which keep lattices from being collapsed during the process of lithium ions migration that may ruin the crystal lattice structure through long cycle and high C-rate charging and discharging [17] . Also, a small quantity of ZnO will improve conductivity distributing in LFP particles to give higher electronic transmission [23] . Table 3 gives a list of research results about high performance LFP published in recent years.
Comparing to our research we can find that most of the initial capacities and cyclic performance at high rates of the C-coated LFP are much better than the ZnO-coated LFP. However, the cyclic performance of ZnO-coated LFP at low rate is comparable to the C-coated LFP. And it's confirmed that the ZnO-coated LFP has a higher initial capacity and cyclic performance compared with the un-doped LFP whose performance was investigated by other researchers. [33] . The ZnO-doped LFP shows much sharper oxidation-reduction peaks and much smaller potential gap (∆V) than ZnO free LFP material, which means higher diffusion rate of Li + and electronic conductivity. The well defined peaks and symmetrical shape of CVs confirm that the crystal lattices of ZnO-doped LFP do not change while lithium ions extracting from LFP and inserting into FePO 4 [17] . It means that ZnO-doping improves markedly the reversibility for charge-discharge during electrochemical reactions.
In order to deeply compare and understand the influence of ZnO on LFP matrix, the electrochemical impedance spectra (EIS) measurements, which can accurately reflect the cathode material's electrochemical characters [34, 35] , were carried out in the frequency range from 0.01Hz to 100 kHz in both cells after one charge-discharge cycle. The EIS data fitted by the software of ZSimpWin are shown in the insert of Fig.10 . The Nyquist plot of the doped sample showed two semicircles at medium-high and low frequencies, while the un-doped sample did not show as obvious. These EIS patterns can be well fitted by an equivalent circuit in the insert of Fig.10 . Where, R e is bulk resistance reflecting the electric conductivity of the electrolyte, separator, and electrode; R SEI and C SEI are resistance and capacitance of the solid-state interface layer formed on surface of electrode, which corresponds to the semicircle at high frequency; R ct and C dl are charge-transfer resistance and it is related to double-layer capacitance between electrode and electrolyte, which corresponds to the semicircle at medium frequency; Z W is Warburg impedance, related to the lithium ions diffusion in the active material, which is indicated at the low frequency [34] . The corresponding values were listed as shown in respectively. And also, it indicates that the charge-transfer resistance of LFP with ZnO is lower than that of LFP without ZnO. Therefore, based on the results in Fig. 10 , we can conclude that the LFP material doped with ZnO becomes more conductive, which is also confirmed by the cell performance from Fig. 6, Fig. 7 , Fig. 8 and Fig. 9 .
Conclusion
It has demonstrated that an effective, simple and concise hydrothermal synthesis allowed to 
